Ozone is a major component of air pollution and causes airways hyperresponsiveness (AHR) independent of adaptive immunity. In fact, ozone inhalation contributes to morbidity and mortality, especially in a vulnerable population with asthma or chronic obstructive pulmonary disease, 1, 2 and is known to be an important trigger of asthma exacerbation. 3, 4 Ozone causes asthma symptoms, reduces lung function, and increases inflammatory cell infiltration and airway hyperresponsiveness. After days of high environmental ozone exposure, there is an increase in emergency hospital admissions for severe asthma attack. [5] [6] [7] The airway epithelium forms a physical barrier that is the first line of defense for mucosal immunity. 8, 9 Integrity of the epithelial barrier depends not only on tight junctions (TJs) and adherens junctions, which keep bronchial epithelial cells together and maintain their apicobasal polarity, but also on surface liquid and mucus. 10, 11 TJs are composed of a number of transmembrane proteins, such as the claudin family, occludin, and tricellulin. In addition, several scaffolding proteins (eg, zonula occludens [ZO] 1, ZO-2, and ZO-3; multi-PDZ domain protein 1; membrane-associated guanylate kinase; and cingulin) have been identified in the TJs. 12 , 13 Expression of E-cadherin, a major adherent junction component, is reduced in biopsy specimens from asthmatic patients. 14 Disturbed TJ function allows entrance of pathogens, irritants, and allergens into the organism. 15 The epithelial barrier is impaired in patients with house dust miteinduced allergic rhinitis, which is associated with lower occludin and ZO-1 expression. 16 Ozone exposure impairs the function of crucial molecules that make up the epithelial barrier. 17 Ozoneinduced lung inflammation in mice, rats, and human subjects relies on production of reactive oxygen species (ROS), [18] [19] [20] which is characterized by epithelial injury, 21 with disruption of the epithelial barrier; increased levels of inflammatory cytokines, such as IL-17A 22, 23 or TNF-a 24 ; and neutrophil recruitment associated with AHR 23 through activation of Toll-like receptors 2 and 4 and the adaptor protein myeloid differentiation primary response gene-88. 25 Furthermore, IL-1 family members are induced and contribute to lung inflammation. IL-1a and IL-1b are produced after ozone exposure, either in vivo 26 or in vitro, 27 as recently reviewed. 28 IL-33 belongs to the IL-1 family cytokines, which also include IL-1a, IL-1b, IL-18, and IL-36. 29, 30 IL-33 binds to the ST2 chain, known as IL-33 receptor (IL-33R), or IL-1RL1, 31 which associates with IL-1RAcP. IL-33 likely plays a role in tissue homeostasis and is released by dying cells on tissue injury and therefore was coined alarmin. 32 The full-length 35-kDa IL-33 is cleaved by different proteases derived from neutrophils, macrophages, or mast cells that process bioactive full-length IL-33 to several active forms that have up to 30-fold greater biological activities than the full-length form. [33] [34] [35] The IL-33R/ST2 axis is expressed abundantly on the cell surfaces of high endothelial venules in lymphoid tissues in mice 36 and most innate immune cells, including mast cells, 37 innate lymphoid cells, 38 and myeloid and dendritic cells 39 and, to a lesser extent, on T H 2 cells. ) were obtained from Susumu Nakae (Institute of Medical Science, University of Tokyo, Japan). 43 Experiments are performed with female mice aged 8 to 10 weeks.
All gene-deficient mice and WT littermate controls (C57BL/6J background) were bred and housed in our specific pathogen-free animal facility at Transgenesis, Archiving and Animal Models (Orleans, France; TAAM-UPS 44, CNRS under agreement D-45-234-6, 2014). Mice were maintained in a temperature-controlled (238C) facility with strict 12-hour light/dark cycles and given free access to food and water. Animal experiments were performed according to the French Institutional Committee under agreement CLE CCO 2012-047.
The following reagents were used in in vivo studies. For the neutralizing ST2, we used rat IgG 1 -anti-mouse ST2 (M955a; obtained from Dirk Smith, Amgen, Thousand Oaks, Calif) and isotype IgG 1 (BP0088, HRPN; Bio X Cell, West Lebanon, NH) administered intraperitoneally at 200 mg per mouse 12 and 2 hours before ozone exposure. To deplete neutrophils, we injected rat IgG 2a -anti-mouse GR-1 (BE0075-1, RB6-8C5; Bio X Cell) or isotype IgG 2a (BR0089, 2A3; Bio X Cell) at 0.5 mg per mouse 2 hours before and 6 hours after ozone exposure. To restore IL-33, we used rmIL-33 (Ser109-Ile266; BioLegend, San Diego, Calif), which was administered by means of intranasal instillation at 1 mg per mouse 2 hours before and 6 hours after ozone exposition.
Ozone-induced airway inflammation
Mice were exposed to ozone in a Plexiglass chamber (EMB 104, EMMS) at 1 ppm for 1 hour in all studies, as described previously. 44 Ozone is created by using an ozonisator (Ozonisator Ozoniser S 500 mg; Sander, Uetze-Eltze, Germany), and a level of 1.0 ppm was controlled by using a sensor (ATI 2-wire transmitter; Analytical Technology, Collegeville, Pa). Mice were killed by means of progressive CO 2 inhalation until 1 to 48 hours after ozone exposure, and bronchoalveolar lavage fluid (BALF) was collected. After cardiac perfusion with ISOTON II (acid free balanced electrolyte solution; Beckman Coulter, Krefeld, Germany), lungs were collected and sampled for analysis.
Bronchoalveolar lavage
After ozone exposure, bronchoalveolar lavage was performed by using 4 lavages of lung tissue with 500 mL of saline solution (NaCl 0.9%) through a cannula introduced into mouse tracheas. BALF was centrifuged at 2000 rpm for 10 minutes at 48C, supernatants were stored at 2208C for ELISA analysis, and pellets were recovered to prepare cytospin (Thermo Fisher Scientific, Waltham, Mass) glass slides, followed by staining with Diff-Quik solution (Merz & Dade A.G., Dudingen, Switzerland). Differential cell counts were performed with at least with 400 cells.
Measurement of cytokines and total protein
Myeloperoxidase (MPO), lipocalin 2 (LCN-2), matrix metalloproteinase 9 (MMP-9), and tissue inhibitor of metalloproteinase 1 (TIMP-1) levels in BALF was performed by means of ELISA (R&D Systems, Abingdon, United Kingdom), whereas IL-6, CXCL1/keratinocyte chemoattractant (KC), CCL2/ monocyte chemoattractant protein 1 (MCP-1), and CXCL2/macrophage inflammatory protein 2 (MIP-2) from BALF and IL-33 from lung homogenates were measured by using the Luminex immunoassay with the MagPix Reader (Bio-Rad Laboratories, Hercules, Calif), according to the manufacturer's instructions. Data were analyzed with Bio-Plex Manager software (Bio-Rad Laboratories). Total protein levels in BALF were analyzed with the Bio-Rad DC Protein Assay.
In vivo vascular leakage assay
Vascular leakage was quantified based on blue intensity in the bronchoalveolar space, and Evans blue staining was measured 45 minutes after intravenous injection of 0.3% Evans blue in the supernatant based on absorbance at 460 nm, as previously described. 45 
Histology
Lung tissue was fixed in 4% buffered formaldehyde and paraffin embedded under standard conditions. Tissue sections (3 mm) were stained with hematoxylin and eosin. Histologic changes were determined by using a semiquantitative severity score (0-3) for inflammatory cell infiltration and alveolar epithelial injury (0-3). The slides were examined blindly by 2 independent investigators with a Nikon microscope (Nikon eclipse 80i; Nikon, Tokyo, Japan).
Fluorescence-activated cell-sorting analysis
Lungs were removed from mice, minced, and digested with DNase (1 mg/ mL; Sigma, St Louis, Mo) and Liberase (5 mg/mL; Roche, Mannheim, Germany) for 1 hour at 378C, and red bloods cells were lysed with Lysing buffer (BD Pharm Lyse; BD PharMingen, San Jose, Calif). Cells were incubated with the antibodies for 25 minutes at 48C in fluorescence-activated cell sorting (FACS) buffer (PBS, 2% FCS, and 2 mmol/L EDTA). The antibodies used are against mouse molecules and described in Table E1 (in this article's Online Repository at www.jacionline.org). Cells were washed with FACS buffer and fixed with 13 lysing buffer (BD PharMingen), and 7-aminoactinomycin D (7-AAD; BD PharMingen) was added during the last 5 minutes of incubation. Data were acquired with a flow cytometer (BD FACSCanto II) and analyzed with FlowJo software (TreeStar, Mountain View, Calif). 
Cellular ROS determination

Immunofluorescence and confocal microscopy
Detailed methods on immunofluorescence and confocal microscopy are shown in the Methods section in this article's Online Repository at www. jacionline.org. 
Lung function measurement with invasive plethysmography Immunoblotting
RESULTS
Biphasic epithelial damage with IL-33 release on ozone exposure
First, we investigated the time-dependent lung inflammation parameters and cell recruitment after ozone exposure (1 ppm for 1 hour) in C57BL/6J mice (WT). Epithelial cell adhesion molecule-positive epithelial cells are detected within 1 to 4 hours after ozone exposure and associated with increased total protein in BALF (Fig 1, A , and see Fig E1, A) . Furthermore, IL-6 and the chemokines CXCL1/KC, CXCL2/MIP-2, and amphiregulin (AREG) are increased within 1 to 6 hours and further augmented at later time points in BALF (Fig 1, A , and see Fig E1, C) . CCL2/ MCP-1 and LCN-2 levels are increased at later time points 18 to 24 hours in BALF (Fig 1, A , and see Fig E1, C) . Therefore the data suggest an acute respiratory barrier disruption within 1 hour after ozone exposure.
As evidence of sustained barrier dysfunction, a second increase in total BALF protein levels at 18 to 24 hours is observed (Fig 1, A) . Neutrophil counts, MPO levels, and interstitial and alveolar macrophage counts are increased only between 6 hours and peaked at 18 to 24 hours (Fig 1, B) together with increased TIMP-1 and MMP-9 levels in BALF (Fig 1, B) . Lymphocyte and eosinophil counts are increased later at 18 to 24 hours (see Fig E1, B) . Furthermore, we found an increase in numbers of ROS-producing cells, cell death (7-AAD 1 cells) in BALF (Fig 1, C , and see Fig E1, A) , and desquamation of airway epithelial cells, as evidenced by E-cadherin staining, which is associated with higher inflammation scores based on histologic analysis are observed (Fig 1, D , and see Fig E1 , E and F). Therefore ozone causes rapid structural and functional damage of the epithelial barrier with protein leak within 1 hour and increased chemokine levels, followed by a second sustained injury associated with myeloid cell recruitment.
In view of the acute airway injury, we asked whether ozone induces expression and release of the alarmin IL-33. IL-33 protein is detected in lung tissue, significantly increased at 4 hours, and sustained at later time points (24-48 hours) on ozone exposure (Fig 2, A) . Western blot analysis shows an increased level of full-length 35-kDa IL-33 protein 24 hours after ozone exposure (Fig 2, B) . Lung tissue immunostaining reveals IL-33-expressing cells at steady state, numbers of which increased 24 hours after ozone exposure, representing presumably epithelial and myeloid cells (Fig 2, C) . We found a significant increase in IL-33 mRNA expression at 24 hours in the lungs on ozone exposure compared with air control, whereas expression of IL-33R/ST2 is unchanged in lung tissue (see Fig E1, D) .
We further examined the dose dependence of lung inflammation parameters and cell recruitment in BALF 24 hours after ozone exposure (0.3, 1, and 3 ppm for 1 hour) in C57BL/6J mice (WT). A marked dose-dependent increase in numbers of total cells, neutrophils, and macrophages; levels of proinflammatory cytokines (MPO, LCN-2, and IL-6), chemokines (CXCL1, MCP-1, and MIP-2), and remodeling parameters (TIMP-1, MMP-9, and AREG); and desquamation of airway epithelial cells, as evidenced histologic analysis, was already observed at 0.3 ppm and further increased at 1 ppm (see Fig E2 in this article' s Online Repository at www.jacionline.org).
To identify the cellular source of IL-33, we used IL-33 citrine reporter mice. 41 Lung and BALF cells were characterized by using the gating strategy shown in Fig E1, A, and IL-33 citrine expression was determined for each cell population at 4 (see Fig E3, A-C, in this article's Online Repository at www. jacionline.org) and 24 (Fig 2, D 
Absence of IL-33 or IL-33R/ST2 enhances lung inflammation
Next, we investigated the role of the IL-33/ST2 axis using ST2 2/2 and Il33 2/2 mice. Ozone exposure causes rapid recruitment of total cells and neutrophils in BALF from WT mice at 24 hours. In the absence of the ST2 receptor and, to a lesser extent, in the absence of IL-33, numbers of neutrophils and macrophages in BALF are increased further (Fig 3, A) . Consistent with increased neutrophil numbers in BALF from WT mice, epithelial cell and lymphocyte numbers and overall cell death (7-AAD 1 cells) were increased in BALF from WT mice and further in ST2 2/2 and Il33 2/2 mice, whereas eosinophil counts seemed reduced (see Fig E4, A, in this article's Online Repository at www.jacionline.org).
Increased neutrophil recruitment in the absence of ST2 is associated with augmented chemokine CXCL1 (KC), MPO, and LCN-2 expression in BALF, whereas these parameters were unchanged in BALF from Il33 2/2 mice (Fig 3, B) . Furthermore, MMP-9 levels are increased in WT mice after ozone exposure and further enhanced in ST2 2/2 and Il33 2/2 mice, whereas levels of TIMP-1, IL-6, and MCP-1 are not further increased in ST2 2/2 and Il33 2/2 mice (Fig 3, C , and see Fig E4, A) . However, MIP-2 levels are reduced in both ST2-and Il33-deficient mice, whereas AREG levels are reduced only in BALF from ST2 2/2 mice (Fig 3, C, and see Fig E4, A) . ROS-expressing total cells, alveolar macrophages, neutrophils, and epithelial cells and necrotic/apoptotic cells are augmented on ozone exposure in WT and ST2 2/2 mice, but their numbers were significantly reduced only in neutrophils from Il33 2/2 mice (see Fig E4, B-D) . To evaluate whether the early barrier disruption is associated with chemokine production and inflammatory cell infiltration in SEMs with 5 to 6 mice per group. *P < .05, **P < .01, ***P < .001, and ****P < .0001. (Fig 2, A) and cleavage forms by using Western blotting at 24 hours in WT (Fig  2, B) . Values are expressed as means 6 SEMs with 5 to 6 mice per group. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
J ALLERGY CLIN IMMUNOL VOLUME 142, NUMBER 3 the lung, we exposed WT and ST2 2/2 mice to ozone and found increased airway inflammation in BALF 4 hours after ozone exposure in ST2 2/2 mice in comparison with WT mice (see Fig  E4, E) . Microscopic investigations of lung tissue revealed tissue damage with inflammatory cell recruitment around the small airways and alveolar septum on ozone exposure, which is enhanced in ST2 2/2 and Il33 2/2 mice at 24 hours (Fig 3, D) . IL-33 acts on different cell types, including dendritic cells, 39 T H 2 cells, 11 mast cells, 47 group 2 innate lymphoid cells (ILC2s), 48 and others. IL-33 activates group ILC2s with the production of IL-5 and IL-13. 47 A recent report demonstrated that ozone activated ILC2s, which can mediate airway inflammation and hyperresponsiveness. 48 We do not find any difference in ILC2 frequencies and absolute numbers on ozone exposure compared with those in air-exposed WT mice and no changes in In view of the enhanced lung inflammation in ST2-and IL-33-deficient mice, data suggest that IL-33/ST2 signaling plays a homeostatic role, which is disrupted on acute ozone-induced injury.
ST2 blockade enhances airway inflammation in WT mice and rIL-33 and controls neutrophil recruitment in IL-33
2/2 mice
To investigate whether neutralizing ST2 antibody recapitulates the enhanced lung inflammation described above in ST2 2/2 mice, we used a neutralizing ST2 antibody in ozone-exposed WT mice (Fig 3, A) ; CXCL1, MPO, and LCN-2; Fig 2, B) ; and MMP-9, TIMP-1, and AREG (Fig 3, C) experiments. Values are expressed as means 6 SEMs with 4 to 6 mice per group. *P < .05, **P < .01, ***P < .001, and ****P < .0001. (Fig 4, A) . Cell recruitment in BALF was analyzed at 24 hours after ozone exposure by using the cell gating strategy described in Fig E1, A. Numbers of total cells, neutrophils, and macrophages are increased in BALF from WT and isotype control antibody-treated mice on ozone exposure (Fig 4, B) . By contrast, neutralizing ST2 antibody augmented cell death, epithelial cells, recruitment of neutrophils, CD3ε 1 T cells in BALF, and enhanced tissue injury and inflammation, as assessed based on lung histopathology (Fig 4, E, and see Fig E6, B, in this article's Online Repository at www.jacionline.org). However, similar CXCL1 (KC), LCN-2, MMP-9, TIMP-1, AREG, IL-6, and MIP-2 levels were observed with neutralizing ST2 antibody administration, whereas MPO and MCP-1 levels increased (Fig 4, C and D , and see Fig E6, C) . Similar numbers and frequencies of ILC2s were found in lung tissue after ozone exposure in WT and aST2-treated mice (see Fig E5, B) .
Data suggest that the IL-33/ST2 axis might have a protective effect, as reported in other disease models. [49] [50] [51] [52] [53] Therefore we asked whether exogenous rmIL-33 modulates ozone-induced inflammation in WT and Il33-deficient mice (see Fig E7, A, in this article's Online Repository at www.jacionline.org). Intranasal administration of exogenous rmIL-33 increased ozone-induced inflammation in air-and ozone-exposed WT mice, as reported previously (see Fig E7, B-D) . 31 However in Il33 2/2 mice rmIL-33 partially reduced neutrophil numbers observed in WT mice but did not abrogate heightened neutrophil recruitment in Il33 2/2 mice (see Fig E7, B-D) . Therefore data suggest that IL-33 might have a partial protective effect on ozone-induced lung inflammation.
ROS expression and the effect of myeloid cell depletion on ozone-induced inflammation
Ozone induces ROS expression in the lung, 54 which is likely involved in injury and the subsequent inflammatory response. Because we demonstrated increased ROS expression in total BALF cells (Fig 1, C) , we investigated the cellular sources of ROS expression. The gating strategy is shown in Fig E1, A. ROS production in BALF is detectable within 18 hours after ozone exposure and expressed by epithelial cells, neutrophils, (Fig 4, B) ; CXCL1, MPO, and LCN-2; Fig 4, C) ; and MMP-9, TIMP-1, and AREG (Fig 4, D) in BALF from WT mice. E, Histologic analysis (hematoxylin and eosin staining) with cell infiltration in the peribronchial area and epithelial damage scores from the lungs of WT mice treated with ST2 neutralizing antibody. Scale bar 5 100 mm. Arrows indicate desquamation. Semiquantitative scores are shown. Experiments are pooled of 2 experiments and repeated twice. Values are expressed as means 6 SEMs with 5 to 6 mice per group. *P < .05, **P < .01, ***P < .001, and ****P < .0001. and macrophages (see Fig E8, A, in this article's Online Repository at www.jacionline.org). However, administration of 2 different ROS inhibitors, N-acetyl cysteine or apocynin, had no effect on acute injury and lung inflammation (see Fig E8, B) .
Because neutrophils are the main source of ROS, we depleted myeloid cells with GR-1 antibody in WT mice exposed to ozone (Fig 5, A) . GR-1 antibody injection depleted total cells and neutrophils (Fig 5, B) and reduced ROS production in neutrophils, epithelial cells, interstitial macrophages, and eosinophils (see Fig E8, B and D) but had no effect on ROS production by lymphocytes (see Fig E8, D) . Furthermore, myeloid cell depletion significantly attenuated epithelial desquamation and cell death in BALF (Fig 5, B) , epithelial cell damage, lung inflammation, and protein levels and secretion of MPO, MMP-9, and TIMP-1, which are produced mainly by neutrophils, whereas IL-6, MCP-1, LCN-2, and MIP-2 levels were unchanged (see Fig E8, E) . Importantly, GR-1 antibody cell depletion reduced protein leak into BALF, indicating that neutrophils play an important role in J ALLERGY CLIN IMMUNOL VOLUME 142, NUMBER 3 ozone-mediated disruption of the epithelial barrier (see Fig E8,  F and G) . However, myeloid cell depletion did not modify airways hyperresponsiveness after ozone exposure (Fig 5, C) .
Therefore myeloid and epithelial cells are important sources of ROS, and myeloid cell depletion attenuates epithelial cell damage and inflammation in WT mice. ROS expression in neutrophils is IL-33 dependent but ST2 independent (see Fig E4, B and C) . Therefore increased ROS is unlikely to explain enhanced lung inflammation in the absence of ST2, but neutrophils are critically involved in ozone-induced pathology.
Ozone-induced disruption of the epithelial barrier depends on IL-33/ST2 signaling
Previous studies addressed the role of the IL-33/ST2 axis in maintaining barrier integrity. 38, 40, 55, 56 In view of the increased i.p., Intraperitoneal. **P < .01 and ****P < .0001.
FIG 6.
Ozone-induced disruption of the epithelial barrier is mediated by IL-33/ST2 signaling at 24 hours. Histologic analysis (hematoxylin and eosin staining) of lung sections from WT and ST2 2/2 mice. Scale bar 5 100 mm. A-D, Desquamation (arrows) and injury score (Fig 6, A) , epithelial desquamation (Fig 6, B) , epithelial barrier permeability with Evans Blue leakage at 24 hours into BALF (Fig 6, C) , and airway resistance (Fig 6, D) in WT and ST2 2/2 mice. E, E-cadherin expression in BALF from rIL-33-treated WT, Quantification of ZO-1 expression, as depicted in the lower panel, is shown as mean fluorescence intensity from 3 independent experiments. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
protein levels and enhanced desquamation in BALF epithelial cells (Fig 1) in WT mice, we investigated the integrity of the epithelial barrier using histopathologic analysis of the small airways from WT and ST2 2/2 mice. Analysis of the bronchiolar lung epithelium reveals a single layer of basal cells with no intact epithelial cells (Fig 6, A) , cell death (see Fig E9, A, in this article's Online Repository at www.jacionline.org), and epithelial damage after ozone exposure in WT mice. Epithelial injury is augmented and focal, with complete denudation of epithelial cells of the airways in the absence of ST2 and in WT mice given neutralizing ST2 antibody (Fig 4, E, and Fig   6, A and B) , leading to disruption of the epithelial barrier with increased protein (see Fig E9, B) and Evans blue leakage into the BALF (Fig 6, C) .
Ozone causes airway hyperresponsiveness (AHR), as demonstrated previously. 23 Using invasive plethysmography, we found enhanced airways resistance in WT mice, which is reduced in ST2 2/2 -deficient mice after ozone exposure in comparison with WT mice (Fig 6, D) . Reduced airway resistance can be mediated by severe structural damage with loss of function of airway cells, including smooth muscle cells or epithelial cells, as revealed by morphology and reduced TJ protein levels. Expression of TJ proteins is critical for the integrity of the epithelial barrier. We found enhanced expression of E-cadherin (Fig 6, E, and see Fig E9, C and D) , ZO-1 (Fig 6, F, and see Fig E9,  G) , and claudin-4 (Cld-4; see Fig E9, F) using immunofluorescence analysis at 4 or 24 hours after ozone exposure. However, epithelial E-cadherin, ZO-1, and Cld-4 expression is reduced in ST2 2/2 mice after ozone exposure (Fig 6, F , and see Fig E9, C  and F) . Furthermore, we found a reduction in E-cadherin-positive cells and fluorescence intensity after ozone exposure in ST2 2/2 compared with WT mice (Fig 6, E, and see Fig E9, D) . Epithelial E-cadherin expression is also reduced in Il33 2/2 mice. Interestingly, administration of rmIL-33 restores E-cadherin expression in Il33 2/2 mice consistent with attenuated injury and inflammation (Fig 6, E, and see Fig E7, D, and Fig E9, D) . At the transcriptional level, we found similar ZO-1 expression and increased Cld-4 levels (4 hours until 6 hours) or E-cadherin (at 4 hours until 48 hours) expression after ozone exposure (see Fig E9, E) .
Therefore IL-33/ST2 signaling can confer a protective effect on the epithelial barrier through its capacity to enhance TJ function and formation, notably E-cadherin, ZO-1, and Cld-4.
DISCUSSION
Environmental air pollution plays an important role in chronic respiratory diseases. 57 Ozone is a major air pollutant contributing to the development of allergic and nonallergic asthma and chronic lung diseases, such as chronic obstructive pulmonary disease and emphysema. Recent studies have demonstrated the importance of the TNF-a, IL-1, and IL-17A axis in an ozone-induced lung inflammation model using gene-deficient mice. [22] [23] [24] [25] 58, 59 This is the first report demonstrating acute lung epithelial disruption and cell death with IL-33 release on a single ozone exposure (1 ppm for 1 hour) reminiscent of acute protease or cigarette smoke-induced lung injury/inflammation. 46, 60 We postulated that the IL-33/ST2 axis might have a protective effect because genetic absence of IL-33 or ST2 and ST2 antibody blockade in mice augmented lung injury and inflammation.
Previous studies reported a protective effect of exogenous IL-33 in other inflammatory models of lung and systemic diseases, such as cerebral malaria, 50 experimental autoimmune encephalomyelitis, 52 intestinal mucositis, 61 sepsis, 49 and intestinal barrier function. 55, 62 IL-33 administration induces T H 2-driven inflammation 63 and polarization into alternatively activated M2 macrophages, which can confer protection. 64 IL-33-mediated protection could be due to the capacity to modulate IL-17A 65 production, probably through gd T cells, 66 which are one of the main sources of IL-17A in the innate immune response.
Time-dependent investigations reveal that ozone causes immediate cell damage at the respiratory barrier with leak of plasma proteins within 1 hour followed by a second protein peak at 18 to 24 hours in BALF on ozone exposure. The first phase might be due to direct toxic interaction of ozone with cells of the alveolar and bronchiolar epithelium, including endothelial capillary cells, whereas the second phase is probably driven by activated macrophages and neutrophils, which are recruited by IL-33 and chemokines released on initial cell injury. This biphasic injury and inflammatory response is novel and requires further investigation.
Because ozone exposure induces ROS expression in the lung and enhances inflammation, 1 we thought ROS might be involved in increased barrier permeability, cell death, and inflammation. We found a significant increase in ROSpositive cells detectable at 6 hours, with a further significant increase at 18 hours that was produced mainly by neutrophils and epithelial cells. However, cellular ROS expression in ST2-deficient mice was similar to that in WT mice, suggesting that ROS is unlikely to be involved in the increased inflammatory response because ROS levels are not increased further in the absence of IL-33/ST2 expression. ROS causes mitochondrial and cell injury, release of toxic metabolites, and DNA damage. 21 We hypothesized that ROS production is important for epithelial cell death and inflammatory cell recruitment. However, we found that the ROS inhibitors N-acetyl cysteine and apocynin had no effect on acute injury and inflammation, which is consistent with a previous report. 67 Inflammatory cell recruitment occurs only 6 hours after ozone exposure, with epithelial desquamation; increased CXCL1, CXCL2/MIP-2, and IL-6 production at 4 hours; and progressive recruitment of macrophages and neutrophils. At 24 hours, this response is enhanced in the absence of ST2 or IL-33, where neutrophils and interstitial macrophages are the main recruited cells. Because neutrophils are the major cell population in the lung at 18 and 24 hours, we investigated their role in the second inflammatory phase on GR-1 antibody depletion of neutrophils and some myeloid cells. We found a striking reduction of protein leak, myeloid cell recruitment, and epithelial cell and tissue damage with reduced MMP-9 expression using GR-1 antibody to deplete neutrophils in ozone-exposed mice. These observations suggest that neutrophils are important for tissue injury and inflammation, as reported in other inflammatory models. 68 Moreover, myeloid cell depletion does not affect airways resistance, which is increased on ozone exposure, as reported previously. 23 Ozone has an irritant effect on the airway cells causing nonallergic AHR within 24 hours in WT mice, which might be due to IL-17A produced by invariant natural killer T cells and not T H 17 cells. 23 Interestingly, AHR is reduced in the absence of IL-33/ST2 signaling. This unexpected decrease in AHR might be explained by injured epithelial TJ proteins that control permeability. 69 Furthermore, enhanced edema and inflammatory cell infiltrates in the small airways together with likely damage of the smooth muscle cells can contribute to reduce AHR in the absence of ST2.
Functional disruption of the TJs is demonstrated by increased epithelial permeability on ozone exposure, which was further augmented in ST2 2/2 mice. ROS production and epithelial cell destabilization can contribute to increased injury and permeability. 70 Because ROS production is unchanged in ST2-deficient mice, TJ regulation by the IL-33/ST2 axis could explain in part the increased permeability of the respiratory epithelium. In fact, we found increased expression of E-cadherin on ozone exposure, which is not found in the absence of ST2, likely because of severe epithelial injury. E-cadherin expression is restored by rmIL-33 in Il33 2/2 mice, suggesting that IL-33 might control TJ protein expression and function.
IL-33 is expressed 4 hours after ozone exposure mainly from airway epithelial cells and from 24 hours until 48 hours and can be produced by several cell types, as reported previously. 40, 41 At 24 hours, we show increased IL-33 expression on ozone exposure in epithelial and myeloid cells, such as macrophages and neutrophils, in the lung, but in the peribronchiolar area alveolar macrophages and epithelial cell are the main source of IL-33. 47 A recent report demonstrated that ozone activated ILC2s, which can mediate airway inflammation and hyperresponsiveness. 48 We did not find any difference in ILC2 numbers on ozone exposure compared with those in air-exposed WT mice and no changes with aST2 injections and in Il33 2/2 mice. Absence of detectable T H 2 cytokine (data not shown) does not support ILC2 activation. Yang et al 48 demonstrated differences between BALB/c and C57BL/6 mouse response, notably on eosinophil infiltration and cytokine expression, including IL-5. Similar numbers of ILC2s in air-and ozone-exposed BALB/c mice were detected, and transfer of activated ILC2s into ILC2 antibody-depleted recipient mice restored ozone-induced hyperresponsiveness and IL-5. In addition, ozone-induced hyperresponsiveness and neutrophilia is dependent on IL-13, 71 which supports the idea that ILC2s are a potent source of IL-13 induced by ozone. By contrast, Kumagai et al 72 found ILC2s in nasal mucosa after long-term ozone exposure, but their role was not investigated.
Administration of rmIL-33 to air-exposed control WT and Il33 2/2 mice causes an increase in numbers of neutrophils, interstitial macrophages, and epithelial cells. On ozone exposure, cell recruitment is increased in WT mice but not augmented further in Il33 2/2 mice. The lack of full reversal of Il33 2/2 mice (data not shown). Finally, it is possible that absence of the IL-33/ST2 axis or rmIL-33 administration disrupts physiologic homeostasis, and exogenous rmIL-33 cannot fully restore protective effect.
In conclusion, ozone exposure induces immediate lung barrier injury with protein leak, epithelial cell desquamation, and release of the alarmin IL-33, followed in the later phase by recruitment of myeloid cells, notably neutrophils, which enhance respiratory epithelial injury and inflammation. IL-33 is produced by epithelial cells, macrophages, and, to lesser, extent by neutrophils. We show that rmIL-33 induces expression of TJ proteins and diminishes the neutrophils influx. Neutrophils appear to play an important role in ozone-induced injury and inflammation.
Because inflammation is enhanced in Il33-and ST2-deficient mice, we postulate that endogenous IL-33 is important for homeostatic control of the respiratory epithelium, which might attenuate acute lung inflammation and damage. However, the cleaved rmIL-33 20-kDa form restores only partially enhanced neutrophilic inflammation in Il33-deficient mice.
